The rheological behavior of nanosheet composites and the effect of morphology between elastomeric nanofiber and nanosheet composites were studied using a Cross-Williamson model and critical volume concentration was investigated by percolation threshold theory for fiber and sheet morphologies. Nanofiber and nanosheet particles were synthesized by a cold vulcanization process using a S 2 Cl 2 cross-linking reagent resulting from self-assembly of a PS-PI block copolymer. Nanofiber and nanosheet characterization was done by SEM. Rheological properties were measured and analyzed in terms of varying nanofiller and nanosheet loading from 0.5 to 10 wt%. For the nanofiber and nanosheet composites, the moduli were increased with increasing filler loading, whereas moduli of SI23 and SI43 composite decreased with increasing content. Both nanofiber and nanosheet composites showed a nanosized filler effect and their structural changes were between 5 and 10 wt%. Cross-Williamson three-parameter model was used to find zero-shear viscosity and relaxation time. Percolation threshold theory was used to study structural changes and calculate values.
Introduction
Polymer nanocomposites have drawn much attention over the last several decades in terms of both research interest and industrial [1] [2] [3] applications that involve optical [4, 5] , biomedical [6] , electrical [7] [8] [9] , and reinforcing properties [10] [11] [12] [13] . Many studies have been done in order to understand their morphologies [14] and mechanical behavior [15, 16] . In addition, polymer nanocomposite studies have focused on critical factors such as nanoparticle/matrix interaction, nanoparticle shape, and size [1, 11] .
Polymer nanocomposites have been studied to better understand their toughening mechanism using an elastomer modified epoxy as exemplified in recent reviews and articles by Mangaraj, Rajeev, and Yee [16] [17] [18] . Lee and Goettler [13] also explored composite structure-property relationships. In addition, many studies have looked at CNT, clay, and CaCO 3 as inorganic fillers in polymer nanocomposite [12, 19, 20] . However, the elasticity of the composite decreases with an increasing amount of inorganic nanofiller. This property would be a limitation for film applications that require both flexibility and gas barrier property. To the best of our knowledge, there have been no previous detailed studies looking at composites with elastomeric nanoparticles having cylindrical and sheet morphologies using block copolymer self-assembly technique and cold vulcanization process. Many studies have looked at rubber toughening properties via a spherical shape. In a rubber blend, rubber particles are generated as spherical shapes measuring several micrometers in diameter to reduce surface tension.
In this paper, we studied the rheological behavior of elastomeric nanofiber and nanosheet composites. The particles can be generated by a self-assembly technique and cold vulcanization process using an elastomeric PS-PI block copolymer. The block copolymer self-assembly property is one useful technique for controlling the nanoscaled morphologies of particle shapes such as a sphere, cylinder, and lamellar. Many papers have been published regarding potential applications of block copolymers [1, 21] . Most of the studies focused on the interaction and morphology between matrix and inorganic nanoparticles. Our approach is to use the block copolymer itself as the elastomeric nanoparticle. In the bulk state, a block copolymer can be self-assembled by controlling volume fraction, molecular structure, and molecular weight. Thus, control of these factors would be a facile method to obtain desired spherical, cylindrical, and lamellar morphologies. However, when a PS-PI block copolymer is blended with PS, the composite morphology may be changed by the total volume fraction of PS. Thus, a cold vulcanization process is used in order to generate the desired morphology without changing the structure when it is mixed.
The cold vulcanization process was first used by Glazer [22] who utilized a sulfur compound (S 2 Cl 2 ) to understand the kinetics of this vulcanization process. Recently, the process was used to prepare nanofibers using a PS-PI block copolymer having a cylindrical morphology as published by Liu et al. [23] . Additionally, the author also studied the properties of a PS-PI nanofiber in terms of cross-link density [24] .
In this paper, elastomeric PS-PI nanofiber and nanosheet were prepared and characterized. Using rheological behavior, critical volume fraction was investigated through three parameters of a Cross-Williamson model and thru percolation threshold theory. We found that the moduli increased with increasing nanofiber and nanosheet loading, and the critical volume fraction of the nanosheet was found and compared with nanofiber in the composite.
Experimental

Materials.
Polystyrene-b-polyisoprene copolymers were obtained from Polymer Source Co. Ltd. whose characteristics are listed in Table 1 . Sulfur chloride (S 2 Cl 2 ) was purchased from Aldrich and commercially available polystyrene of = 350,000 g/mol (PDI: 2.06) was also purchased from Aldrich. The materials and solvents were used as received without any purification.
Preparation of Nanofiber and
Nanosheet. Nanofiber and nanosheet synthesis was done using a modification method by Liu et al. [23] 1 g of a PS-b-PI copolymer dissolved in toluene with vigorous stirring. After the block copolymer was completely dissolved, the solution was dried in a glass dish under a nitrogen condition for three days. The dried sample was exposed to S 2 Cl 2 , which was cross-linking agent, for a week. The cross-linked sample was swelled using THF for a week. Sonication and centrifugation were then used to separate highly cross-linked gel and nanoparticles. The separated samples were first precipitated in methanol and then the yellowish sample was filtered and dried in a vacuum oven for 24 hrs in order to remove residual solvent.
Preparation of Composite Sample.
Blends of polystyrene and composites of nanoparticles were made using a solvent casting process in order to mix completely. PS of 5 g was dissolved in toluene with various weight percent of nanoparticles: 0.5, 1.0, 2.0, 5.0, and 10 wt%. The mixtures were poured into aluminum foil and dried for three days. The blends were further dried in a vacuum oven at 100 ∘ C for 12 hrs in order to remove residual toluene.
SEM.
Nanofiber and nanosheet morphologies were imaged using a Scanning Electron Microscope (Model: LEO 1530). Gold coating was applied by gold sputter for all SEM samples. The images were obtained by thermally assisted field emission Scanning Electron Microscope applying 5 keV using the in-lens detector.
Rheology.
The rheological properties of the composites were measured and analyzed by an AR2000 (TA instrument) using a parallel plate geometry of 25 mm diameter. All samples were tested at a temperature range from 160 ∘ C to 200 ∘ C with a 10 ∘ C step. All experiments were performed at a frequency range from 0.01 to 100 Hz. The gap distance and percent strain were 1000 m and 0.05, respectively.
Results and Discussion
3.1.
Characterization of Nanofiber and Nanosheet. Nanofiber and nanosheet were synthesized by cold vulcanization and a self-assembly technique of PS-b-PI copolymer. Cylindrical and lamellar morphologies of PS-b-PI were used as a form of fiber and sheet, individually. In general, PS and PI were maintained at volume fractions 77 and 23 resulting in a cylindrical form with a PS shell and PI core [23] . When a S 2 Cl 2 crosslinking agent was applied to the cylinder morphology of the PS-b-PI sample, a double bond of polyisoprene started to form a linkage between backbone chains by generating sulfur bridges. Thus, the cross-linked core was able to maintain the cylindrical morphology as a fiber. For a nanosheet, similar process was applied and the only difference was that the volume fractions of PS and PI were 57 and 43, respectively. block copolymer strongly depend on the molecular weight of the PS-b-PI copolymer [27] .
Rheological Properties. The rheological results at 180
∘ C showed that the moduli of the composites increased with increasing nanofiber or nanosheet loading compared with the moduli of the blend of PS/SI23 and PS/SI43. In order to study a wider range of frequency, a master curve was applied.
The master curves of the samples are shown in The graphs showed that the storage modulus of nanofiber and nanosheet composites increased with increasing nanofiller content, whereas modulus of PS/SI23 and PS/ SI43 blends had no significant increase with increasing SI23 or SI43 content. The differences came from cross-linking variation of isoprene units in nanofillers and block copolymers. Nanofiber and nanosheet maintained their structures in the composite because of a cross-linked isoprene unit. But SI23 or SI43 was not able to sustain their own morphology as cylinder or lamellar when blended with PS because the total volume fraction of PS increased. In Figures 2(a) and 2(c), the composite that included 10 wt% nanosheet had a slightly higher modulus value than the composite of 10 wt% nanofiber. The nanosheet more effectively prevented mobility of PS than nanofiber and this resulted from an approximately 2.5 times higher aspect ratio for the nanosheet. This result showed that the shape and geometry of the elastomeric nanofillers were an important factor for control of elastic modulus in a composite.
/ and ( / ) versus angular frequency are presented in Figure 3 . According to Sepehr et al. [28] , the dynamic elasticity coefficient was expressed as = / 2 and the plot of / = versus gave information of the melt in terms of structural change. In addition, the plot of = / 2 versus showed very similar results of ( / ) versus , in nanofiber composites. Figure 3 (a) indicated that there were three-dimensional structural changes around a 5 wt% loading. In the case of the nanosheet composites, the graphs showed similar results with the nanofiber composites. The slope variation at the low frequency range suggested that a new structure such as with a continuous domain or aggregation was generated around 5 wt% filler loading and was clearly distinguished based on slope change at a low frequency range. From the graphs, the slope changes of nanosheet composites were larger than the slope changes of nanofiber composites at low frequency ranges and the variation appears more gradually than the nanofiber composites. This suggested that the structural changes could be detected after 2 wt% nanofiber loading and then the nanofiber generated a threedimensional structure such as percolation point. However, in the case of the nanosheet, the filler started to affect the structural change gradually from a low wt% of nanosheet loading because of a high aspect ratio and size.
In order to investigate the effect of relaxation, a ColeCole plot was applied [29] . Long relaxation behavior was also observed in the Cole-Cole plot by comparing the radius in a graph. The calculated Cole-Cole plot consisted of the imaginary part and real part in terms of the frequency dependent shear modulus that directly indicated stress relaxation time by changing the radius of the plotted data. In Figure 4 , the Cole-Cole plots are shown by variation in nanofiller loading. As shown in the figure, the radius of each sample increases with increasing filler loading. In the plot of nanofiber composites, the radius increased dramatically between 2 wt% and 5 wt%. This suggested that a small loading of nanofiber was able to affect the relaxation time in a matrix PS molecule and there was detection of structural change between 2 wt% and 5 wt%. However, in the case of the nanosheet composite, the radius increased gradually until 2 wt% and then dramatically increased at 5 wt%. This indicated that the nanosheet was less effective than nanofiber below 2 wt% due to its morphology, but after 2 wt% the nanosheet is more effective than nanofiber in terms of retarding the relaxation process. The Cole-Cole plot showed the relaxation time variation per increasing nanofiller loading.
tan provides another method to present the relaxation in the composite matrix [30, 31] . tan is defined as the ratio of the loss modulus and storage modulus. From the Doi and Edwards model [32] , loss and storage moduli were expressed by an equation which was a combination of relaxation time and angular frequency. Thus, tan can be expressed by
where is relaxation time and is angular frequency. When → 0, this leads to a proportionality between tan and −1 .
And thus a log-log plot of tan versus −1 should show a slope of −1 at low in polymer.
tan versus angular frequency taking logarithm curves are plotted in Figures 5 and 6 . Han et al. [25] found the relationship between log and log using a Doi-Edward tube model. In some cases, however, the slope was not matched to the value because of two reasons: one was not reached sufficiently at a low frequency for the terminal region and another was due to polydispersity. In our case, we found the relationship between log(tan ) and log as a value of −1 using the Doi-Edward tube model in PS. Figure 6 and Table 2 show that the value of slope increased with increasing filler
International Journal of Polymer Science loading from −1 to −0.09 in the case of nanofiber composites and a similar trend appeared in nanosheet composites. When comparing between nanofiber and nanosheet composites, nanofiber more rapidly increased in terms of slope value. This means that nanofiber is more effective than nanosheet in terms of increasing relaxation time with increasing filler loading. According to these results, we found that nanofiber has a greater effect than nanosheet in the composite in terms of relaxation time because the nanofiber dispersed well in the PS matrix due to its size. However, the nanosheet had large width and length compared with the length of the nanofiber and the flexible nanosheet was able to easily fold or bend in the composite. The slope of the nanofiber composite increased faster than the slope of a nanofiber. The Cox-Merz relation [33] is used to obtain the shear strain dependence of viscosity from the dynamic viscosity data as follows:
Various generalized Newtonian models have been derived by shear viscosity terms in order to analyze the viscoelastic properties of polymer composite. The suggested model equation which is Cross-Williamson model [34] involves the terms. This study used this three-parameter model for melt behavior of organic-organic nanocomposites where we found that this model had a good agreement with the experimental results and calculated data compared to other three-parameter models. The model is given by
where 0 = liṁ→ 0 () is the zero-shear viscosity, is the characteristic time of the composite, and is the power-law exponent. Based on the calculation using the Cross-Williamson three-parameter model (Table 3) , the zero-shear viscosity and relaxation time values were obtained. Figures 7(a) and 7(b) were plotted using the values in terms of nanofiller content in nanofiber and nanosheet composite. Below 6 wt%, the increasing rate of a nanosheet composite is lower than that of a nanofiber composite. However, after 6 wt% the value of a nanosheet composite is higher than a nanofiber composite.
International Journal of Polymer Science At the same content of PI, the value of nanofiber was higher than the value of nanosheet because nanofiber had good dispersion. In order to study this theoretically, we explored the percolation threshold using a critical volume fraction as follows:
Generally, the critical volume fraction in blends or composites can be calculated by electrical conductivities using conducting nanofillers to study percolation thresholds. Researchers have compared these experimental results to simulated results. The critical concentration of nanofibers in a composite is calculated by (4) and had a critical volume faction that was 0.027 ≤ ≤ 0.053 [35] . According to Balberg [36] , critical concentration is related to the total excluded volume, ⟨ ex ⟩. Excluded volume ⟨ e ⟩ in three dimensions can be expressed as
where is the critical number of objects per unit volume. The issues regarding a thin disk that was randomly dispersed in a matrix were studied by Charlaix et al. [37] .
where is the angle between the planes of two disks and is the angle of the greatest disorientation of the disks. In the randomly oriented disk, = /2 was used. Based on (5) and (6), Celzard et al. [35] derived the following equation:
where is the thickness of the disks. ⟨ ex ⟩ of an infinitely thin disk is known to be 1.8 and, for a sphere, 2.8. In our case, the nanosheet had a random shaped sheet, not a regular shaped disk, so we assumed that the nanosheet was disk shape having radius and a thickness of 70 nm. We also knew that structural change starts from 2 wt% of nanosheet loading. These parameters were used to calculate critical concentration in terms of disk radius. Based on our assumption, the radius of a nanosheet was around 2-3 m for the disk by calculating critical concentration in terms of the radius of a nanosheet. However, we only had a range of radius of a nanosheet because the nanosheet shape was quite random and irregular in shape. Thus, the calculated value of critical concentration was 0.013 ≤ ≤ 0.031. This value overlapped with the critical concentration of nanofiber composite because of the aspect ratio. Thus, we found that the aspect ratio of elastomeric nanoparticles is more related to the percolation threshold than the shape of the nanoparticles.
Conclusions
This study presented and compared empirical and theoretical results of elastomeric nanoparticles in terms of particle shape factor by Cole-Cole plot, a Doi-Edward tube model, and a Cross-Williamson model. The shapes of nanofiber and nanosheet filler were formed by a self-assembly technique and cold vulcanization process of PS-PI block copolymers. The rheological behaviors of nanofiber and nanosheet composites were investigated and compared in the melt state in terms of varying frequencies and temperatures. The master curves of two composites indicated that the moduli of nanocomposites increased with increasing nanoparticle content, whereas the moduli of the block copolymer blend (PS/SI23 and PS/SI43) did not have any significant changes. In order to study structural changes, dynamic elasticity coefficient was used to estimate the onset of structural changes in the composite such as with a continuous domain or aggregation. A three-parameter Cross-Williamson model was used to find zero-shear viscosity and relaxation time. A theoretical approach was investigated thru a percolation threshold equation assuming the elastomeric nanoparticles as a rod and disk shape. The calculation indicated that the range of the percolation threshold of nanofiber in a composite was 0.027 ≤ ≤ 0.053 and the nanosheet was 0.013 ≤ ≤ 0.031. We confirmed that nanofiber more effectively prevented the motion of matrix PS than nanosheet, rather than being a result of the nanoparticle morphology. Based on these results, we can design conductive nanofiber using multiblock copolymer including conductive core for the application of flexible display and it can replace ITO glass. In addition, it is possible to control gas barrier properties of flexible thin film without decreasing elasticity due to organic nanofiber and nanosheet shape in polymer composites. Nowadays, some of nanofiber research papers are published for various applications such as solar cells [38] and conductive composite membranes [39] . In addition, much attention has been focused on nanosheet research in the field of metal-organic framework [40, 41] . In conclusion, organic nanoparticles shaped nanofiber and nanosheet using block copolymer self-assembly technology and cold vulcanization process can be a promising material for various applications.
